Background: During outbreaks of vaccine-preventable diseases, compulsory vaccination is sometimes discussed as a last resort to counter vaccine refusal. Besides ethical arguments, however, empirical evidence on the consequences of making selected vaccinations compulsory is lacking. Such evidence is needed to make informed public health decisions. This study therefore assesses the effect of partial compulsory vaccination on the uptake of other voluntary vaccines. Method: A total of 297 (N) participants took part in an online experiment that simulated two sequential vaccination decisions using an incentivized behavioural vaccination game. The game framework bases on epidemiological, psychological and game-theoretical models of vaccination. Participants were randomized to the compulsory vaccination intervention (n = 144) or voluntary vaccination control group (n = 153), which determined the decision architecture of the first of two decisions. The critical second decision was voluntary for all participants. We also assessed the level of anger, vaccination attitude and perceived severity of the two diseases. Results: Compulsory vaccination increased the level of anger among individuals with a rather negative vaccination attitude, whereas voluntary vaccination did not. This led to a decrease in vaccination uptake by 39% in the second voluntary vaccination (reactance). Conclusion: Making only selected vaccinations compulsory can have detrimental effects on the vaccination programme by decreasing the uptake of voluntary vaccinations. As this effect occurred especially for vaccine hesitant participants, the prevalence of vaccine hesitancy within a society will influence the damage of partial compulsory vaccination. 
Introduction

V
accine hesitancy globally jeopardizes public health and the attainment of disease elimination goals. 1 Individuals with a negative attitude towards vaccination frequently opt-out of vaccine programmes and refuse vaccination, 2, 3 creating pockets of susceptible individuals who facilitate outbreaks of vaccine-preventable diseases, e.g. of measles in Germany, France and Austria in 2015. Such outbreaks often create public debates about partial compulsory vaccination, mostly focusing on some selective vaccinations such as measles, mumps and rubella. Additionally, the discovery of new and effective vaccines, such as against the human papilloma virus, can instigate debates about making a vaccine mandatory. 4 Advocates of compulsory vaccination emphasize a child's right to receive the best possible health care, the community's right to be protected from vaccine-preventable diseases by means of herd immunity or healthcare workers' duty to protect potentially immunecompromised patients. [5] [6] [7] Advocates of voluntary vaccination, on the contrary, underline the right of parents to rear their children according to their own standards, the fact that compulsory vaccination undermines people's bodily integrity and autonomy, as well as the principle of non-maleficence. 8 Moreover, neglecting the social benefit of vaccination, the individual risk of infection is usually small, which, in the view of some scholars, ethically prohibits compulsory vaccination. 9 Most of the debate rests upon this ethical argumentation. The goal of this contribution is to add empirical evidence on the potential sequel of introducing partial compulsory vaccination. Partial compulsory vaccination means that the law requires only a subset of the generally recommended vaccinations to be implemented, while the rest remains voluntary. Building on psychological work on reactance, we assess externalities of compulsory vaccination on voluntary vaccination decisions. Previous work has shown that interventions that decrease the freedom of choice can result in reactance, i.e. the motivation to reassert a constricted freedom. 10 Thus, we can expect that if individuals feel constricted, i.e. because they have a negative attitude towards vaccination and did not intrinsically intend to vaccinate, they will reassert their freedom of choice by refusing vaccination on the next possible occasion. Thus, paradoxically, the introduction of partial compulsory vaccination can backfire especially there where it is needed most: among people who have a negative attitude towards vaccination. The following study tests these considerations.
Methods
To test the potential externalities of a partial compulsory vaccination on other voluntary vaccinations, we conducted an incentivecompatible online experiment using a behavioural vaccination game. The game setting allows observing behavior instead of relying only on behavioural intentions, a situation which increases internal and external validity. In a sequential order, participants faced two scenarios, in both of which they could contract an infectious disease and vaccination was possible. In the first situation, participants were randomly assigned either to an intervention or to a control group. In the intervention group, vaccination was compulsory. In the control group, vaccination was voluntary. In the second situation, vaccination was voluntary for all participants. Our main objective was to investigate the effect of the decision architecture of the first decision (compulsory vs. voluntary) on vaccine uptake in the second decision, depending on subjective properties of the participants (vaccination attitude, reactance due to compulsory vaccination).
Participants
Participants were N = 297 students (59.9% female; M age = 23.11, SD age = 3.86) from various academic disciplines of two German universities. The experimental set-up followed the ethical guidelines of the German Research Foundation, the German Psychological Society and the American Psychological Association. All participants gave their written informed consent to participate voluntarily, and they were assured that all statistical analyses and reports would be anonymous. Decisions were incentivized: after the experiment, 20 participants were randomly selected for payment applying a random-lottery incentive scheme. Every participant had the same chance to be selected. The exact amount depended on their decisions and the respective payoff in the experiment (payments from 5 to 10 Euro, M = 7.55 Euro; see next section).
Vaccination decisions
Building on epidemiological, game-theoretical and psychological models of vaccination behaviour, [11] [12] [13] we used a vaccination framework that considers both the direct and indirect effects of vaccinations (see Supplementary Material for details on the behavioural vaccination game). The game was played for two rounds. In each round, participants were endowed with 100 'fitness points' (exchange rate: 100 points = 10 Euro) and could lose 50 points due to an infection if they had not been vaccinated but could also lose 20 points due to side effects if they had been vaccinated. Vaccination always yields fixed costs of 10 points, which, for example, represent the pain from the needle prick or waiting time in a doctor's office. The Supplementary Material provides the exact game parameters. The disease parameters (R0, severity of the symptoms) as well as the associated risks and benefits from vaccination were the same in the first and the second vaccination decision. Because of the indirect protection from herd immunity, the probability of infection decreased as a function of the individuals already vaccinated in the population, i.e. the vaccination rate among all study participants. This probability is therefore unknown to participants at the time of their decision making. In contrast, the probability of side effects was fixed, known to participants and independent of others' vaccination decisions. In other words, the game represented the realistic situation where-potentially costly-vaccination protects the individual her-/himself but also other people due to herd immunity. 5 
Additional measures
As a proxy for reactance, we assessed the level of anger, 14 represented by the mean of ratings of how angry, irritated and annoyed participants felt after the first vaccination decision (ratings on scales ranging from 1 = not at all to 7 = very much, Cronbach's alpha = 0.87). Mean level of anger was M = 2.14, SD = 1.45. The general attitude of participants towards vaccination was assessed with a 7-point scale from 1 = totally against vaccinations to 7 = totally in favour of vaccinations. Mean attitude was M = 5.40 SD = 1.42. Furthermore, participants were asked about the relative perceived severity of the first disease compared with the second disease (lower, equal or higher).
Results
We perform a moderated mediation regression analysis 15 with the second vaccination decision as the binary dependent variable and the decision architecture of the first vaccination decision (intervention vs. control) as the independent variable (table 1). Level of anger serves as the mediator variable between previous choice architecture and decision, and the vaccination attitude (mean centred) is included as the moderator variable of this relation. Furthermore, we control for participants' age and gender. In a first step, there is a significant interaction effect of treatment and vaccination attitude on anger. Individuals with a relatively negative vaccination attitude felt angry after being forced to vaccinate [simple slope: B = 1.32, SE = 0.22, 95% bootstrapped bias-corrected confidence interval (BC CI) (0.87, 1.76), figure 1 In a second step, we test whether this may cause reactance by decreasing vaccination uptake in the second decision. Indeed, the conditional indirect effect from treatment via level of anger on vaccination decision is significant for individuals with a negative vaccination attitude, decreasing vaccine uptake significantly by 39%. In contrast, the decrease explained by reactance is only about 8% and not significantly different from zero for individuals with a positive vaccination attitude (table 1) . Thus, vaccination uptake in the second vaccination decision decreased when the first vaccination was compulsory (vs. voluntary) among individuals with a rather negative vaccination attitude. As a consequence, in the control group, vaccine uptake among individuals with a positive vaccination attitude was about 38% higher than among individuals with a negative vaccination attitude. In contrast, in the intervention group, this difference was 53%.
As an alternative explanation, we test whether a disease with compulsory vaccination is perceived to be more severe compared with a disease with voluntary vaccination and whether this difference in perceived severity may cause decreased voluntary vaccine uptake for the disease that is perceived as less severe. In fact, 41% of the participants in the intervention group perceived the first disease to be more severe than the second one, whereas only 4% did so in the control group. However, there is no effect of perceived severity on vaccination decision [B = À0.09, SE = 0.26, 95% BC CI (À0.60, 0.43), controlling for treatment, age and gender]. Hence, we reject this alternative explanation.
Discussion
A recent review concludes that introducing compulsory vaccination in hospitals is a successful strategy in raising vaccination rates of health care personnel to >90%. 16 Only one of the studies that were included in the review, however, additionally assessed attitudinal variables. 17 Despite high vaccination rates, 72% of these participants agreed that compulsory vaccination was a coercive measure. 17 Importantly, none of the studies assessed the externalities of partial compulsory vaccination on other voluntary vaccinations. This experiment's data suggest that especially for individuals with a rather negative attitude towards vaccination, partial compulsory vaccination can have detrimental effects on the uptake of other voluntary vaccinations. Thus, making selected vaccinations compulsory is likely to increase the uptake of this particular vaccine. However, the overall effect on vaccine uptake in a society-or a smaller setting such as a hospital-can be negative.
The increased level of anger among vaccine hesitant individuals supports the interpretation that compulsory vaccination can lead to reactance, i.e. the wish to regain the constricted freedom of choice. As an alternative explanation of the effect, we excluded the possibility that the perceived difference in severity of the disease with and without compulsory vaccination drives the effect. Risk homoeostasis theory 18 posits that once one risk is mitigated (e.g. by compulsory vaccination), individuals are inclined to more risky behaviour on another occasion, keeping the overall level of risk in homoeostasis. Accordingly, individuals who perceive a rather low overall-level of risk from vaccine-preventable diseases may feel the urge to regain homoeostasis by refusing the second voluntary vaccination. Future studies should take this additional explanation into account, especially with focusing on the question if individuals with a rather negative attitude towards vaccination also perceive lower levels of threat by vaccine-preventable diseases.
This study had several limitations, for instance a sample showing a relatively positive attitude towards vaccination and relatively low levels of anger. This may have led to an underestimation of the Detrimental effects of compulsory vaccinationeffects that occur outside the game context. The student sample fits the topic at hand, as in Germany partial compulsory vaccination for measles was discussed and there are considerable immunity gaps regarding measles in young adults. 19 Nevertheless, the study should be replicated with a representative sample to ensure generalizability of the results. Additionally, a behavioural game is not a perfect representation of real vaccine decision making, even though its structure implements incentives that are known to have a major impact on real-life decision making (such as potential side-effects of the vaccine, positive externalities of vaccination on others via herd immunity). Besides calculating risks and benefits, factors like convenience, complacency and confidence in vaccines and health organizations may further play an additional role in real-life decisions. 20 Overall, we conclude that the prevalence of vaccine hesitancy in a society determines the potential effect of partial compulsory vaccinations on that society's vaccine programme. Specifically, introducing compulsory vaccination into programmes that also contain voluntary vaccinations may backfire by causing substantial reactance among individuals with negative vaccination attitudes. This eventually may cause strong damage in societies which have high levels of vaccine hesitancy, i.e. large proportions of individuals who have a negative attitude (e.g. France 21 ). The monitoring of vaccine hesitancy and vaccine-related perceptions and attitudes can take place via (social) media 22, 23 as well as by means of easyto-use questionnaire tools in representative surveys (examples for questions and scope as well as a comprehensive overview, see Ref. 22 . Regularly monitoring the distribution of attitudes towards vaccination in the population is crucial to wisely apply regulative measures and advocacy procedures and thus to avoid potential detrimental effects on voluntary vaccinations.
Supplementary data
Supplementary data are available at EURPUB online. 
380
European Journal of Public Health
Key points
This study provides quantitative evidence on the influence of partial compulsory vaccination on the success of a vaccine program The presence of partial compulsory vaccination lowers uptake of voluntary vaccinations especially among individuals with a negative attitude towards vaccination Compulsory vaccination can lead to reactance, i.e. the wish to regain the constricted freedom of choice. This was especially prominent among individuals with a negative attitude towards vaccination Regularly monitoring the distribution of attitudes towards vaccination in the population is strongly advised to wisely apply regulative public health measures and advocacy procedures
